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), the tobacco necrosis strain (PVY N ), and PVY C causing stipple streak (4) . The common strain of PVY that produces foliar mosaic symptoms has been the predominant strain in PVY-infected seed potatoes in North America (5) . In recent years, other PVY strain variants have been reported from within North America (10, 13) . The PVY N strain causes veinal necrosis on tobacco leaves (4) . The origins of PVY N are difficult to pinpoint, although early reports suggest it was first detected in South America more than 70 years ago (16, 17) . More recently, variants and recombinants of PVY have been detected. Tuber necrosis strains of PVY (PVY NTN ) were first detected in Europe (Eu-PVY NTN ) and are characterized by a PVY N serotype and by having three recombination junctions (6, 8) . Tuber necrosis strains in North America are also characterized by a PVY N serotype but have either no or a single recombination junction (10, 13) . Other PVY recombinants such as PVY N:O also have a single recombinant junction but are unique in that they have a PVY O serotype (2, 11) . Some of the latter types of PVY N:O can cause an atypical tuber necrosis (13) . We have recently completed the confirmation of these recombination events by whole-genome sequencing of the PVY N and PVY NTN strains in North America (9) . Based on the sequence analysis of the PVY genomes and on symptomatology (13) , it is evident that PVY N and PVY NTN isolates from Europe are different than those recovered from North America.
Our research programs have worked with three widely accepted reverse transcription-polymerase chain reaction (RT-PCR) assays used to identify PVY strain types (3, (11) (12) (13) . A multiplex RT-PCR assay developed by Nie and Singh (11) (11, 12) , reaction with both antibody types indicated either a changed epitope profile that would react to both specific antibodies or a mixture of strains that was not detectable using the current nucleic acid-based assays. During the course of characterizing these "novel" isolates before sequencing to try to predict the amino acid change(s) responsible for the epitope change, it became apparent that two of these isolates were mixed infections of PVY NTN and PVY N:O (unpublished data). This paper describes the development of a new multiplex PCR assay capable of differentiating major PVY strain types and mixed infections thereof in a single assay.
MATERIALS AND METHODS
Strain-specific primers were designed using the program FastPCR -RRA-1 (AY884984). For each strain type, a screening data set consisting of several representative sequences of each of the other strain types was used to design primers that would not amplify nontarget strain types. This data set included all available full-length PVY genomes, excluding the strain variant class for which primers were being sought, and strain variants that were essentially the same strain type at the point of primer design (Fig. 1) . Potential primers were further screened by FastPCR using its "in silico PCR" feature against a database of all available full-length PVY genome sequences (GenBank + in-house) to select primers unlikely to amplify nontarget strains or nonspecific products. The primers S5585 and A6032 (12) were modified to increase Tm by increasing length and G/C content. Several variant designs of these primers were tested by in silico PCR as described above to select primers that were optimized for specificity, quality score, and compatible Tm. The primers, their genomic location, and expected target amplicons are described in Tables 1 and 2 .
Virus extraction at the University of Idaho utilized a crude nucleic acid preparation, as described in Crosslin et al. (3) . Reverse transcription was performed using 0.8 µl of virus extract in a 15-µl reaction volume that contained 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 8 mM MgCl 2 , 1 mM (each) dNTP, 0.12 µM oligo-dT primer mix, 6 units RNase Out Ribonuclease Inhibitor (Invitrogen, Carlsbad, CA), and 60 units of SSII reverse transcriptase (Invitrogen). The RT program for firststrand cDNA synthesis started at room temperature, ramped to 42°C at 2°C/min, held at 42°C for 45 min, and ramped to 60°C at 0.5°C/min. PCRs were performed in a 20-µl reaction volume that contained 0.8 µl cDNA from above, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.8 mM MgCl 2 , 0.2 mM (each) dNTP, 0.12 µM for all eight primers (Tables 1 to 3) , and 1.0 unit Taq DNA polymerase (Promega, Madison, WI). The "touch-down" PCR program consisted of denaturing at 94°C for 2 min, 12 cycles of 94°C for 10 s, 66°C for 30 s (minus 0.5°C per cycle), and 60 s at 72°C, followed by 20 cycles of 92°C for 10 s, 60°C for 30 s, and 72°C for 60 s, ending with a final extension for 7 min at 72°C. At North Dakota State University (NDSU), total nucleic acid was extracted, reverse transcribed into cDNA, and stored at -80°C, as previously described (13) . One to five microliters of cDNA was used in the same PCR assay described above.
PCR products were separated in a horizontal gel consisting of 0.7% agarose + 1.2% Synergel (Diversified Biotech, Boston, MA) or a vertical 15% native polyacrylamide gel and visualized with a fluorescent imager after staining with GelStar (Cambrex, Rockland, ME) or ethidium bromide.
To validate this assay, we recharacterized virus isolates collected in recent years and stored as either extracted RNA or as cDNA at our respective laboratories (P. Shiel and T. Meacham, unpublished; 3). These isolates represent a mix of samples submitted by other researchers, producers, or industry representatives and are not a random representation of strain types from any geographic region. For historical rea- sons, this collection of samples archived at the University of Idaho was composed of PVY N serotypes. For comparison with previous RT-PCR characterization, the following assays were used. The P1 cleaved amplified polymorphic sequence assay described in Crosslin et al. (3) had been previously used to characterize the 49 isolates collected at the University of Idaho. The series of two multiplex assays described by Nie and Singh (11, 12) were used to characterize the 70 isolates collected at NDSU. In addition, the NDSU isolates were characterized by serological and biological assays as described by Piche et al. (13) .
RESULTS
The RT-PCR reactions using known isolates previously characterized by wholegenome sequencing gave products of the expected sizes (Figs. 1 and 2 , Tables 2 and  3 ). PVY N:O isolates gave products of 181 and 689 bp, those of PVY NTN gave products of 181 and 452 bp, PVY N isolates gave a single product of 328 bp, and PVY O samples gave products of 267 and 689 bp. Artificial mixes of isolates gave the expected combinations of products (Fig. 2 , Tables 2 and 3) .
Overall, there was broad concordance between the multiplex assay and previous characterization of the 119 samples from the University of Idaho and North Dakota State University which were previously characterized using other molecular assays (3, 11, 12) (Table 3) .
The , which would give an identical pattern).
DISCUSSION
Since its introduction into North America, the pathotype known as PVY N:O has displaced the once predominate strain of PVY O in several potato areas due in part to the inability to correctly identify this pathotype (13) . It is often observed by both scientists and field personnel that many potato varieties infected with the PVY N:O pathotype have milder symptoms than typically observed when infected with PVY O pathotypes. This illustrates the need for accurate laboratory detection to limit their spread. Detection efficiency would be improved through the use of a single assay that can differentiate strains of PVY as opposed to multiple assays.
A common RT-PCR based method to characterize PVY isolates has been a series of two assays that first identifies strain type in the P1 region (11) (Fig. 1) . The multiplex identified 17 samples with strain mixtures from 119 previously characterized isolates considered to be single-strain samples ( Using this multiplex assay, it is possible to detect each of the six possible two-way combinations of the major strains (Fig. 2 , Table 3 . The relatively high percentage of mixed infections detected in this study (>10%) may represent sampling bias because the collections included some isolates with "unique" field symptoms. However, the presence of even a low rate of natural mixed infections indicates a continued possibility of the emergence of new additional recombinant strains. Potyviruses have been reported to have a relatively high rate of recombination (14) . Although origins are uncertain, the similar genetic structure of the 5′ half of the virus, and nearly identical recombination junction near position 2400 bp (6) The PCR assay described here enables the characterization of major PVY strains and the detection of strain mixtures in a single assay. In addition to the 119 isolates reported here, we have used this or a previous version of the assay on over 1,000 additional PVY-positive samples, most of which have been partially characterized by serological or biological data (unpublished data). In our experience, it has been more robust than the previously mentioned assays, with fewer false positives, false negatives, or ambiguous results. A previous version of the multiplex assay gave several instances of only single bands for PVY O isolates. Generally, reamplification produced the expected two bands for these isolates (unpublished data); some laboratory to laboratory variation was noted that was attributed to Taq source or thermocycler variability. Sequence analysis of the relevant region for problematic isolates identified several polymorphisms in the primer sites and led to the current assay that has been much more robust. Should additional primer modifications be required and prove superior, they will be posted on http://marvin.ibest.uidaho.edu/ ~jlorenze.
Future research will be important to differentiate the various types of PVY N:O . Recent studies demonstrate that some types of PVY N:O isolates can cause tuber necrosis while others do not (13) . Sequencing to conduct comparisons of the tuber necrotic PVY N:O isolates versus the nontuber necrotic isolates has been initiated (9) . One known PVY strain variant that affects potato will not be uniquely identified by this assay. Isolates of the PVY N -Wi (or PVY N:O ) variants known as type A and type B (6) will not be differentiated, because the assay does not query the region of the P1 gene in which the B variant differs by a portion of PVY O sequence in the first 500 bases of the 5′UTR and P1 gene (Fig. 1) . We have developed a simple PCR assay to be employed with isolates of the PVY N:O type that uniquely identifies the type B variants (Table 1; unpublished data). The multiplex assay as used with eight primers will not identify mixtures of PVY N and NA-PVY N and/or NA-PVY NTN , which share a common 328-bp fragment size. A separate assay to confirm presence of NA-PVY N and NA-PVY NTN has been developed (Table 1 ; unpublished data). This latter primer pair is also compatible with the multiplex assay in a 10-primer multiplex that gives two specific bands for each strain variant, including NA-PVY N and NA-PVY NTN variants (unpublished data).
Recharacterization of the 119 isolates enabled the identification of one unique isolate with unexpected molecular characteristics. Isolate NE-11 produced a single band of 328 bp, indicating it was an isolate of the NA-PVY N/NTN strain variant class. However, the confirmatory assay failed to produce a band of 898 bp as would be expected for NA-PVY N isolates (Table 1 ). This isolate has been shown to produce tuber necrosis under greenhouse conditions and has a pathotype of PVY NTN regarding tuber symptoms (13) . These results indicate a unique molecular genotype for NE-11, which has been submitted for fullgenome sequencing.
In conclusion, we report on a new multiplex assay that can identify each of the major PVY strains and strain mixtures in a single RT-PCR reaction. This assay was useful in identifying strain mixtures in two archived collections of PVY isolates. It should be useful for other researchers and seed certification agencies that would like to identify PVY strains and strain mixtures.
